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ABSTRACT 


The  performance  of  a  l6-inch,  6-1318^0(1  propeller 
in  waves  was  determined  e3q)eriinentally,  and  the  records 
of  the  time-dependent  fluctuating  propeller  forces  are 
analyzed  in  this  report .  Various  wave  lengths,  wave 
heists,  and  frequencies  of  encounter  were  Investigated 
with  the  propeller  advancing  normal  to  the  wave  crests 
at  each  of  two  fixed  shaft  centerline  submergences . 

The  results  indicate  that  the  orbital  velocities 
of  the  waves  have  a  significant  effect,  causing  fluctua¬ 
tions  of  the  advance  coefficient  and  corresponding  fluct¬ 
uations  of  the  thr\:st  and  torque  coefficients .  The  local 
advance  coefficients  have  been  determined  by  calculating 
the  mean  orbital  velocities  of  the  waves  in  way  of  the 
propeller  disc  from  thochoidaLwave  theory.  The  thrust  and 
torque  coefficients  for  the  propeller  when  operating  below 
wave  crests  and  wave  troughs  have  been  plotted  against 
their  local  advance  coefficients,  and  the  results  are  found 
to  be  in  good  agreement  with  the  open-water  characteristic 
curves  for  the  propeller  in  uniform  flow .  It  is  concluded 
that  the  performance  of  a  propeller  in  waves  may  be  predicted 
from  a  quasi-steady  state  analysis . 

In  addition,  a  general  expression  for  a  wave's  mean 
orbital  velocity  in  way  of  a  pi'opeller  disc,  for  various 
depths  below  the  crest  and  trough,  is  determined  for  a  range 
of  waves  normally  encountered  at  sea.  Non-dimensional  plots 
show  mean  orbital  velocities  in  a  wave  crest  and  wave  trough 
for  ratios  of  propeller  centerline  submergence  to  wave  length, 
and  propeller  diameter  to  wave  length . 


UJTRODUCTION 


Seaworthiness  and  ship  performance  in  waves  have,  over  the  years, 

1234 

received  considerable  research  effort.  >  ’  ^  Because  of  the  interest 
in  the  overall  seagoing  qualities  of  a  ship,  attention  was  directed  to 
the  propeller  performance  in  waves .  A  project  was  initiated  in  February 
1957  to  evaluate  the  time  dependent  propeller  forces  while  operating  in 
unsteady  flow  as  obtained  by  tests  in  waves.*  It  was  desired  to  acquire 
fundamental  information  on  propeller  action  in  waves  for  the  improvement 
of  propeller  design.  The  wave  making  facility^  and  equipment  available 
at  the  David  Taylor  Model  Basin  w’ere  suitable  for  the  project.  In  the 
tests  undertaken,  measurements  were  made  on  a  time  basis  of  the  propeller 
fluct\iatlng  thrust,  torque  and  rpm  and  the  location  of  the  propeller  in 
the  wave .  The  forward  speed  of  the  propeller  was  held  constant  for  each 
run. 

EQUIPMENT  AND  TEST  PROCEDURE 

A  16-lnch  six-bladed  bronze  propeller  (Propeller  3643)  was  tested 
in  waves  and  in  uniform  flow.  Figure  1  shows  the  drawing  and  dimensions 
of  the  propeller. 

For  the  tests  in  waves,  the  TMB  35-horsepower  dynamometer^  was 
used  for  measuring  the  insteintaneous  torque,  thrust,  and  rpm.  A  wave 
height  probe  was  used  to  measure  the  instantaneous  height  of  waves  in 
the  plane  of  the  propeller.  This  equipment  together  with  Sanborn  record¬ 
ing  instruments  were  installed  on  Carriage  II  of  the  deep  bp.sin  Which  has 
a  wave  making  facility.  Instantaneous  total  wave  height  and  total  rpm, 
together  with  the  fluctuating  components  of  thrust  and  torque  were  recorded 


*  A  preliminary  report  on  the  findings  of  the  project  was  presented  by 

W.H.  Norley  in  a  paper,  "Propeller  Performance  in  Unsteady  Flow,"  given  at 

the  American  Tewing  Tank  Conference  held  at  Berkeley,  California  on  31  Aug  1959 
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on  the  Sanborn  Eecorder.  The  steady-state  portion  of  thrust  was  recorded 
separately  thus  Increasing  the  sensitivity  for  measuring  the  fluctuating 
value . 

The  tests  in  waves  were  run  with  the  shaft  centerline  submerged 
18  inches  and  21  inches  below  the  still  water  surface  level.  Wave  lengths 
for  both  depths  were  UO  feet,  30  feet,  and  20  feet .  The  nominal  wave 
lengths,  wave  heights,  and  carriage  speeds  were  as  follows: 


Wave  Length  (  A  ) 

20' 

30' 

40' 

Wave  Height  (a) 

6" 

6" 

9" 

12" 

12" 

a/ A 

l/40 

1/60 

memm 

■aBHi 

Carriage  Speed  (v) 

m 

6  ft/ sec 

8  ft/ sec 

10  ft /sec 

8  ft/sec 

8  ft/sec 

The  minimum  Immersion  to  the  propeller  tip  is  0 .27D  and  occurs  in 
way  of  the  wave  trough  for  A  =  30  ft,  a  =  12  ins.,  p  =  l8  ins . 

A  train  of  waves  was  set  up  in  the  basin  in  a  direction  opposite  to  the 
direction  of  motion  of  the  carriage.  A  sketch  of  the  propeller  test  arrange¬ 
ment  is  given  in  Figure  2.  In  the  region  of  the  basin  where  the  waves  were 
the  most  uniform,  transient  records  were  obtained  for  wave  height,  thrust, 
torque,  and  RPM.  All  recording  pens  were  lined  up  together  on  the  same 
time  base  so  values  could  be  easily  obtained  from  the  records  for  any  phase 
of  a  specific  wave. 

The  tests  in  uniform  flow  (i.e.,  without  waves)  were  run  using  the 
35-horsepower  dynamometer,  at  a  constant  rotational  speed  of  15-2  rps  at 
various  carriage  speeds,  with  the  propeller  shaft  centerline  submerged  one 
and  a  half  feet  and  four  feet .  Three  separate  unif onn  flow  tests  were  run 
for  the  propeller  on  different  dates.  Because  of  scatter  between  the  perfor¬ 
mance  results  for  the  propeller  from  each  test,  the  curves  were  faired  with 
most  weight  placed  on  the  8  April  1958  test,  which  was  run  at  the  time  of 
the  wave  tests . 
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RESULTS 


The  resiilts  of  the  propeller  characterization  in  uniform  flow  are 
presented  in  Figure  3<>  A  sample  of  the  oscillograph  records  of  perfor¬ 
mance  of  the  propeller  in  waves  is  shown  in  Figure  4.  An  example  of 
propeller  performance  given  in  terms  of  the  usual  nondimensional  coeffi¬ 
cients  is  shown  in  Figure  5>  where  the  coefficients  have  been  evaluated 
from  the  original  continuous  records  at  0.2  second  intervals. 


As  Indicated  above  the  propeller  and  waves  were  traveling  in  opposite 
directions  of  motion.  An  examination  of  the  records  Indicated  that  the 
maximum  thrust  and  torque  occurred  while  the  propeller  was  belc^  the  troughs 
of  the  waves,  and  the  minimum  thrust  and  torque  occurred  while  below  the 
crests  of  the  waves.  In  most  cases,  the  maximum  rpm  was  obtained  below 
the  crest  and  •'-he  minimum  rpm  below  the  trough.  The  frequency  of  fluctua¬ 
tion  (  yiyjd  )  in  the  measured  quantities  was  very  low,  i.e.;  it 

ranged  from  O.5  to  1  cps.  For  the  example  shown  in  Figure  4,  the  measured 
magnitude  of  fluctuations  was  as  follows:  At  the  operating 
of  0.723,  &•  +  10.5  percent  variation  in  thrust  relative  to  the  average 
thrust,  +5*5  percent  in  torque,  and  a  +  2.5  percent  variation  in  RFM  was 
obtained . 


In  Figure  6  all  the  test  results  for  fluctuating  thrust,  torque  and 
RPM  are  plotted  against  average  speed  coefficient  C'^rn\-  ~ —  ')  • 

fluctuating  thrust,  torque  eind  I?FM  are  plotted  as  percentage  changes  rela¬ 
tive  to  the  average  values.  It  is  seen  that  the  percentage  changes  in 
thrust  and  torque  tend  to  increase  exponentially  with  inciteaping  average 
speed  coefficient,  and  the  precentage  change  in  RPM  tends  to  Increase 
linearly  with  increasing  average  speed  coefficient.  It  should  be  observed 
that  in  Figure  6  the  results  for  both  the  I8  inch  and  21  inch  propeller 
submergences  have  been  plotted  together.  Ideally  there  should  be  a 
difference  in  the  values  of  flucuating  thrust,  torque,  and  RPM  for  dif¬ 
ferent  propeller  submergences.  Figure  6,  however.  Indicates  that  the 
difference  in  propeller  submergence  was  not  appreciable  enough  to  signi¬ 
ficantly  change  the  fluctuating  quantities  measured. 
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In  Flgiires  "J,  8  and  9  faired  carves  for  the  test  results  shown  in 
Figure  6  are  plotted  against  average  speed  coefficient .  The  faired  results 
shown  indicate  that  the  percentage  chauges  in  the  propeller  SJs  thrust  and 
torque  increase  with: 

(1)  Increasing  average  speed  coefficient  (Jj^) 

(2)  Increasing  wave  hel^t-propeller  diameter  ratio  (— ^ - ) 

(3)  Decreasing  propeller  speed-wave  celerity  ratio  (— ^ — ) 

''w 

(4)  Increasing  wave  height-wave  length  ratio  (  ^  ) 

These  results  are  interdependent  and  are  in  agreement  with  existing  propeller 
theory  and  trpchoidal  wave  theory.  One  further  characteristic  of  a  propeller 
in  waves  which  is  not  indicated  from  the  test  results  is  that  the  percentage 
changes  in  thrust  and  torque  decrease  wdth  increasing  submergence  of  the  pro¬ 
peller.  As  mentioned  above  the  range  of  submergence  depths  at  which  the 
propeller  was  tested  was  not  great  enough  to  show  this . 

Nondimens ional  thrust  and  torque  coefficients  were  evaluated  for  the 
crest  and  trough  positions  and  were  plotted  over  the  range  of  speed  coeffi¬ 
cients  tested,  where  speed  coefficient  ( J  )  was  based  on  carriage 

on  D 

speed  and  instantaneous  RPM.  The  average  of  several  instantaneous  values 
was  used  in  determining  these  coefficients.  An  example  of  such  performance 
curves  is  shown  in  Figure  10.  The  results  shown  in  Figure  10  are  for  a 
40-foot  wave  with  a  height  of-  12  inches  and  a  wave  velocity  of  8  fps .  The 
propeller  shaft  centerline  was  submerged  I8  inches  below  the  still  water 
surface  level.  This  is  a  typical  example  of  the  results  obtained  for  every 
wave  condition. 

Additional  analysis  of  the  test  results  showed  that  it  was  possible  to 

correlate  the  thrust  and  torque  coefficients  in  the  crests  and  troughs  by 

plotting  them  against  advance  coefficient,  (  ^  t  )  l.e.j  advance 

rrv.  O 

coefficient  accounts  for  the  effect  of  the  orbital  velocities  of  the  waves.* 
Figure  11  shows  the  results  given  in  the  preceding  figure  when  thrust  and 


*  Details  of  computing  the  mean  orbital  velocity  are  given  in  the  Appendix. 
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and  torque  coefficient  are  plotted  against  advance  coefficient .  In  addition, 
the  thrust  and  torque  coefficients  for  uniform  flow  have  been  included  for 
comparison. 

The  results  of  all  tests  were  then  similarly  plotted  and  are  shown 
in  Figure  12  for  the  propeller  in  t  he  below  crest  and  troiigh  position  for 
all  wavei-j  conditions.  (The  advance  coefficients  are  corrected  for  mean 
orbital  velocity  of  the  waves).  As  before,  the  uniform  flow  performance 
curves  are  included. 

In  Figure  I5  and  Figure  I6  the  mean  orbital  velocities  in  way  of  the 
the  propeller  disc  are  plotted  for  the  propeller  operating  below  crests  and 
troughs.  The  plots  are  nondimensionalized  and  are  based  on  a  derivation 
given  in  the  Appendix. 


DISCUSSION 

In  calculating  the  advance  coefficient  for  a  propeller  below  the 
crests  and  troughs  of  waves,  the  mean  orbital  velocity  has  been  taken  to 
be  the  "mean"  over  the  entire  propeller  disc  (See  Apj^endix).  The  true 
"mean",  however,  if  calculated  for  an  instantaneous  position  of  the  pro¬ 
peller  blades,  should  take  into  account  the  orbital  velocities  only  in 
way  of  the  propeller  blades,  and  not  over  the  entire  propeller  disc.  Two 
approximations  are  introduced  by  calculating  the  "mean"  over  the  entire 
propeller  disc  s 

1.  The  effect  of  hub  radius  is  not  included. 

2 .  The  effect  of  the  number  of  blades  is  not  included . 

The  first  approximation  is  Justified  if  the  hub  radius  is  small  in 
comparison  to  the  tip  radius .  For  the  propeller  tested  the  hub  radius  is 
20  percent  of  the  tip  radius,  and  the  cross  sectional  area  of  the  hub  repre¬ 
sents  only  4  percent  of  the  total  disc  area.  It  is  evident  then  that  the 
first  approximation  introduces  a  negligible  error  into  the  calculated  mean 
orbital  velocity. 

The  second  approximation  for  calculating  Instantanteous  advance  coef¬ 
ficient  can  be  justified  only  when  a  propeller  has  a  large  niimber  of  blades 
since  only  then  would  the  blades  approach  the  condition  of  working  over  the 
entire  propeller  disc  at  any  given  instant  below  a  crest  or  trou^  of  a 
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wave.  The  second  approximation,  however,  is  valid  when  calculating  the 
mean  advance  coefficient,  regardless  of  the  number  of  blades,  for  all 
possible  blade  positions  of  a  propeller  when  working  below  a  crest  or 
trough.  For  propellers  with  a  large  number  of  blades  the  mean  and  in¬ 
stantaneous  advance  coefficients  will  be  nearly  identical  but  it  is  noted 
that  for  a  small  number  of  blades  the  instantaneous  values  could  be 
greater  or  less  than  the  mean  value.  Further,  in  order  for  a  mean  advance 
coefficient  in  a  wave  crest  or  troxi^  to  exist,  the  time  for  one  complete 
revolution  of  the  propeller  must  be  equal  to  or  less  than  the  length  of 
time  that  the  propeller  is  operating  below  a  wave's  crest  or  trough.  In 
this  case  the  propeller  blades  would  sweep  over  the  entire  disc  area  when 
below  a  crest  or  trough  and  the  mean  orbital  velocity  to  the  propeller  blades 
would  then  be  the  "mean"  over  the  entire  disc  area.  For  trochoidal  waves 
the  crests  and  troughs  are  relatively  flat,  and  it  can  be  assumed  that  a 
propeller  will  pass  below  them  for  a  finite  length  of  time . 

Since  no  record  of  the  instantaneous  position  of  the  blades  was  made 
for  each  instantaneous  thrust  and  torque  measured  it  was  not  possible  to 
calculate  the  corresponding  mean  orbital  velocity  at  each  blade.  Instead, 
average  values  of  the  thrust  and  torque  measured  at  the  crests  and  troughs 
for  each  test  condition  were  adopted  and  mean  orbital  velocities  over 
the  entire  disc  were  assumed  to  be  valid  in  calculating  an  advance  coeffi¬ 
cient  to  correspond  with  each  mean  thrust  and  torque.  In  all  tests  run  for 
this  report  the  time  for  one  complete  propeller  revolution  was  less  than  the 
length  of  time  that  the  propeller  operated  below  a  crest  or  trough*.  Hence, 
the  calculation  of  a  mean  orbital  velocity  over  the  entire  propeller  disc 
does  Justifiably  correspond  to  a  mean  propeller  thrust  or  torque,  and  the 
second  approximation  is  valid  in  analysing  the  test  results. 

It  is  Interesting  to  note  from  Figure  4  (a  typical  example  of  data 
taken)  that  the  instantaneous  thrusts  and  torques  measured  below  crests  and 
troughs  do  not  vary  significantly,  due  to  the  large  number  of  blades  (6) 
for  the  propeller  tested.  For  a  three  bladed  p^peller  .the  variations  would 
be  more  appreciable. 

*  For  example  see  Figure  5*  time  duration  of  a  crest  or  trough  is 

approximately  0.2  seconds.  For  the  propeller  operating  at  8  rps,  ■ 
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It  Is  evident  from  Figures  4  through  10  that  waves  can  have  a 

significant  effect  on  the  thrust  and  torque  developed  by  a  propeller, 

causing  fluctuations  of  the  advance  coefficient  and  corresponding 

fluctuations  of  the  thrust  and  torque .  As  can  be  seen  from  Figures  11 

and  12,  the  thrust  and  torque  coefficients  for  the  propeller  in  waves 

agree  well  with  the  uniform  flow  (steady-state)  results,  when  plotted 

against  advance  coefficient  (  Ja_  =  )LlL-i£  ),  where  advance  coefficient 

D 

takes  into  account  the  orbital  velocities  of  the  waves  in  way  of  the 
propeller  disc.  The  greater  scatter  at  high  Jg^  values  is  probably  due 
to  reduced  sensitivity  in  the  dynamometer  readings  taken  at  low  thrust 
and  torque  values . 

The  r'^'sults  indicate  that,  within  the  range  of  the  test  condi¬ 
tions,  thrust  and  torque  developed  by  a  propeller  operating  below  a 
wave  crest  or  trough  can  be  estimated  from  the  uniform  flow  propeller 
performance  curves.  This  means  that  a  quasi-steady  state  calculation 
of  fluctuating  thrust  and  torque  for  a  propeller  in  waves  will  give  good 
predictions,  and  that  unsteady  effects  may  be  neglected.  It  should  be 
noted  that  the  frequencies  of  encounter  of  the  propeller  and  waves  in 
the  tests  undertaken  were  low  (O.5  to  1.0  cps)  and  that  only  within  a 
low  range  of  frequencies  of  encounter  ( -fre  “  )  do  these  tests 

Justify  neglecting  unsteady  effects  in  calculating  thrust  and  torque 
fluctuations.  It  is  further  noted,  however,  that  in  most  practical 
examples  the  frequency  of  encounter  will  fall  below  1.0  cps. 

It  is  evident  from  Figure  12,  that  even  at  high  slip  values 
(low  Jg)  there  is  no  breakdown  in  propeller  thrust  or  torque,  indicat¬ 
ing  that  propeller  immersion  was  sufficient  enough  to  avoid  cavitation 
and  air  suction  effects  discussed  in  References  1  and  7  •  The  tests 
reported  here,  then , are  for  the  case  of  the  truly  fully- submerged  pro¬ 
peller  . 

While  it  is  true  that  the  experimental  results  were  obtained  only 
for  the  case  of  a  propeller  traveling  opposite  to  the  direction  of  travel 
of  a  wave,  it  is  logical  to  assume  that  the  general  conclusions  arrived 
at  based  on  these  resiilts  apply  equally  to  the  case  of  a  propeller  travel¬ 
ing  in  the  same  direction  as  the  direction  of  travel  of  a  wave.  However, 
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in  considering  each  case  proper  attention  must  he  paid  to  the  relative 
direction  of  the  propeller  and  the  direction  of  the  mean  orbital  velocity 
of  the  wave  at  its  crest  and  trough. 


THE  PRA.CTICAL  PROBLEM 

Let  us  consider  the  following  practical  problem  for  the  prototype 
of  the  propeller  tested  for  this  report,  where  the  wave  characteristics 
are: 

a  .  .  .  20  feet 


.  400  feet 


20  feet 


=  .050 


=  .050 


For  the  prototype  propeller  assume: 

D  =  10  feet  ,  .  .  =  .025 

RPM  =  180 
V  =  21.70  fps 

J  =  .723  (design  advance  coefficient) 


From  Figure  I5  and  Figure  I6  or  from  Equation  (I8)  of  the  Appendix  we 
may  determine  the  mean  orbital  velocity  (v)  of  the  wave  crest  or  trough 
in  way  of  the  propeller: 

=  .041  Vq  =  4.65  fps 


Crest : 


Trough: 


=  .051 


=  5-79  fps 


The  advance  coefficient  ( =■  Vt  m~  )  may  then  be  calculated  for  the 

iy\  D 

crest  and  trough  positions  of  the  propeller,  when  the  propeller  is  advanc¬ 
ing  normal  to  the  wave  crests.  Referring  to  Figure  I3  It  is  evident  that 
when  the  propeller  is  traveling  in  the  same  direction  as  the  direction  of 
wave  travel: 
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V-  AJc 

/vv_  D 


Crest :  = 

Trough:  Jo  =  ^ 

rf\.  D 

And  when  traveling  in  opposite  directions: 

Crest:  Jo  =  ^ 

D 

Trough:  J^^  =  V  - 

AA  D 

The  following  tables  present  the  values  for  the  advance  coefficient 
in  this  example,  together  with  Kip,  Kq,  and  propeller  efficiency  (e)  as 
obtained  from  the  characteristic  curves  for  the  propeller  in  uniform  flow 
(Figure  3)*  The  percentage  thrust,  torque  and  efficiency  fluctuations 
above  and  below  the  still  water  values  are  also  tabulated 


Table  1 

Propeller  Traveling  in  Same  Direction  as  Wave 


J 

Ja 

Kt 

Kq 

e 

Still  Water: 

.723 

.723 

.210 

.0356 

.680 

e 

Crest : 

.723 

.568 

.285 

.OJ+56 

.565 

+36^ 

+ 

ro 

CO 

-17?^ 

Trough: 

.723 

.916 

.109 

.0217 

.735 

-48^ 

-39^t 

+ 

CD 

■ja 

Table  2 


Propeller  ' 

Traveling 

Counter 

to  Direction  of 

Travel 

of  Wave 

J 

Ja 

Kt 

e 

AK*  C^)C 

Still  Water: 

.723 

.723 

.210 

.0356 

.680 

e 

Crest : 

.723 

.878 

.130 

.0246 

.743 

-38^  -3l^( 

+9^t 

Trough : 

.723 

.531 

.303 

.0480 

.533 

+44^  +35/^ 

-22^ 

In  the 

above  example  RPM 

is  assumed  to 

remain  1 

constant .  The 

test 

results  given 

earlier  : 

indicated 

that 

RPM  fluctuations 

of  up  to  about 

+  3^ 

occurred  for  the  model  propeller  in  waves .  It  is  believed,  however,  that 
for  a  fully- submerged  prototype  propeller,  where  the  mass  moments  of  iner¬ 
tia  are  large  for  the  propeller,  shafting,  and  machinery,  the  RPM  fluctua¬ 
tions  woiild  be  reduced  to  such  an  extent  that  changes  in  RPM  may  be  neglected 
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in  estimating  fluctuating  thrust  and  torque . 

In  the  tabulated  results  given  above  it  is  interesting  to  note  that 
the  percentage  changes  in  thrust,  torque,  and  efficiency  relative  to  the 
still  water  values,  vary  in  magnitude  and  sign  according  to  the  relative 
directions  of  travel  of  the  propeller  and  wave .  The  maximum  changes  in 
thrust  and  torque,  relative  to  the  still  water  values,  occur  in  the  wave 
trough  for  the  case  of  the  propeller  traveling  in  the  same  direction  as 
the  wave . 

The  example  worked  above  assumes  the  following: 

1 .  The  propeller  runs  at  constant  submergence  below  the  still 
water  surface . 

2.  The  plane  of  the  propeller  disc  remains  normal  to  the  still 
water  surface. 

3.  The  wave  which  passes  the  propeller  is  trochoidal. 

4.  The  propeller  remains  fully- submerged . 

None.  9f  these  conditions  is  necessarily  fulfilled  for  a  propeller 
operating  behind  a  ship  in  a  head  or  a  following  sea.  A  ship  in  a  head  or 
following  sea  will  pitch  and  heave  and  the  submergence  depth  and  inclina¬ 
tion  of  the  propeller  will  be  continuously  changing.  Further,  the  ship, 
in  close  proximity  to  the  propeller,  may  alter  the  trochoidal  wave.  Ship 
wake  may  also  have  a  significant  effect.  In  addition  to  these  considera¬ 
tions  for  the  case  of  a  propeller  behind  a  ship,  it  must  also  be  remembered 
that  in  actual  cases  the  propeller  may  not  always  be  fully- submerged,  and 
that  air  suction  by  and  cavitation  of  the  propeller  may  occur.  For  measure¬ 
ments  in  waves  of  changes  in  actual  ship  propeller  torque  and  RBi  in  the 
behind  condition  the  reader  is  referred  to  Reference  8. 


& 
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CONCLUSIONS 


1 .  Waves  can  have  a  significant  effect  on  the  instantaneous  thrust  and 
torque  developed  by  a  propeller,  causing  fluctuations  of  the  advance 
coefficient  and  corresponding  fluctuations  of  the  thrust  and  torque. 

2.  For  wave  crest  and  trough,  a  correlation  of  experimentally  measured 
open  water  propeller  thrust  and  torque  coefficients  with  advance  coeffi¬ 
cient,  taking  proper  account  of  the  mean  orbital  velocities  of  the  waves, 
is  in  good  agreement  with  the  uniform  flow  characteristic  performance 
curves  for  the  propeller. 

3.  For  the  low  frequencies  of  encounter  of  a  propeller  and  waves,  uni- 
steady  effects  may  be  neglected  in  calculating  the  instantaneous  thrust 
and  torque  of  a  propeller  in  a  wave  crest  or  trough.  A  quasi-steady  state 
calculation,  based  on  the  uniform  flow  characteristic  performance  curves 
for  a  given  propeller,  may  be  made  to  estimate  the  propeller's  instantane¬ 
ous  thrust  and  torque  when  operating  fully- submerged  in  a  wave  crest  or 

t  rough . 

4.  In  the  case  of  a  propeller  operating  behind  a  ship  in  waves,  further 
work  should  be  done  to  determine  the  effect  of  ship  motions  on  fluctuat¬ 
ing  propeller  forces,  the  effect  of  the  ship  on  the  ideal  trochoidal  wave 
assumed  to  exist  at  the  propeller  disc,  and  the  effects  of  propeller, 
shafting  and  driving  machinery  on  RPM  fluctuations . 
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APPENDIX 


DE^IERMINATION  OF  A  WAVE'S  MEAN  ORBITAL  VELOCITY  IN 
WAY  OF  A  PROPELLER 

In  an  open  water  test  of  a  propeller  in  still  water  the  speed  of 
advance  is  simply  the  carriage  speed.  When,  however,  the  open  water  tests 
are  run  in  waves  the  speed  of  advance  of  the  propeller  is  modified  by  the 
orbital  velocities  of  the  waves.  Therefore,  in  order  to  determine  the 
mean  speed  of  advance  of  a  propeller  in  waves  at  any  given  instant  the 
mean  orbital  velocity  of  the  wave  in  way  of  the  propeller  disc  must  be 
determined . 

In  all  tests  carried  out  for  this  report  the  direction  of  motion 
of  the  carriage  towing  the  propeller  was  counter  to  the  direction  of 
travel  of  the  waves.  (See  Figure  13 )•  Based  on  trocholdal  wave  theory,^ 
it  is  evident  from  Figure  13  that  in  way  of  a  wave  crest  the  velocity  of 
advance  of  the  propeller  will  be  greater  than  the  carriage  speed,  and  that 
in  way  of  a  wave  trough  the  velocity  of  advance  of  the  propeller  will  be 
less  than  the  carriage  speed.  If  v  is  the  wave's  mean  orbital  velocity 
integrated  over  the  propeller  disc  and  V  the  carriage  speed  it  follows  that 
the  velocity  of  advance  of  the  propeller  (Vg^)  will  be  given  by: 

V  ±  A?  (i) 

(where  v  is  positive  at  crest  and  negative  at  a  trough  for  a  propeller 
traveling  counter  to  the  direction  of  wave  travel.) 

In  the  following  derivation  the  wave  mean  orbital  velocity  will  be 
taken  as  the  mean  volume  orbital  velocity  of-  the  wave  Integrated  over  the 
propeller  disc.  Hence, 

where  v  is  the  local  wave  orbital  velocity  at  a  point  in  the  propeller 
disc,  and  the  other  symbols  are  as  defined  in  Figure  l4. 


AT  = 


^  ^11 

;/  AT  p  cL4>  cLp 


From  trochoidal  wave  theory' 


AT  = 


-  j 


where,  r  =  local  orbital  radius 
A.  =  wave  length 

Substitution  of  (3)  Into  (2)  yields: 

g.  'ZTT 

^  ■  ■=  (  C  ru  ci.4>  P  ci-p  (4) 

In  order  to  Integrate  equation  (4)  r  must  be  found  In  terms  of  ^ 
and  .  From  Reference  9: 

—  •Ztt 

a.  =  JT-o  C  ^  (s) 

where,  ro  =  orbit  radius  of  surface  trochoidal  wave 

h  •  depth  from  center  of  surface  orbit  circle  to  that  of  the 
orbit  circle  belonging  to  any  given  subsurface . 

If  subscripts  c,  t,  denote  crest  and  trough  respectively,  from  Figure  9: 

he  =  ho  +  d  +  rc 

Cfc) 

ht  =  he  +  d  -  r^ 

If  we  let  A  =  ^  ,  from  equation  (5): 

-  Ztt 

=  A  e  > 

=  A  e  7.  * 

Let  =  -  •Zat 


7\ 


*  Strictly  speaking  v  should  be  determined  by  Integration  from  hub  to 
tip  of  the  propeller.  The  above  simplification  Is  Justified  when  the 
hub  radius  Is  small  compared  to  the  tip  radius. 
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Then, 


-  A  e  ‘  ‘ 

_  A  e 


Equations  (8)  are  identical  except  for  subscript;  hence,  temporarily 

drop  the  subscript  and  let 

=  A  o<.  ^ 

'  A 


and  obtain: 


Equation  (9)  can  be  solved  for  and  yields  a  series  solution 

^  =  I  +  X  +  -f-  4lx’^+  .... 

3  I 


%  = 


kl 


3  X 
-2  I 

Ic-l 


Cx  <  i- ) 


The  maximum  value  of  X  occurs  when  C  "  is  a  maximum,  or  when 

(h^  +  d)  approaches  a  minimum.  The  minimum  value  for  (h^  +  d)  for  a  pro¬ 
peller  which  is  always  submerged  occurs  when  R  •*  0  and  r«  0,  noting 

T.  9  ^ 

that  8=  'TT h.p  (see  Figure  13 )•  Hence: 

A 

-  '2 -IT  A) 


iU — 


Therefore: 


c 

(2  — ( 


Ztt  ruo 
A 


but,  'Z.TT  ^  e  for  convergence 

A 

or,  <^,oS€5S  for  convergence 

A 

This  condition  is  met  for  all  waves  in  this  report,  and  is  satisfied  for 
the  highest  waves,  where  £Lo  =  .O'LS  is  generally  assumed  to  be  the  maxi¬ 
mum  value  possible.  ^ 
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From  equation  (lO),  Substitute  ^  =  iL  and  obtain 

^  =  A  ^  Ck-eO  .  X 

From  Figure  10,  ><.l 

=  -f  -  f  ^ 

Hence,  -7  -rr  / 

X-  (± 

'  ~K  ' 

where  -  denotes  crest  and  +  denotes  trough 
Substituting  (12)  into  (ll): 

L  A 

Froia  Reference  9  ve  obtain: 


“  (,-b-  P  c-ofc 4.  *  '  L 

j  -x 


cl  =  -FT 

A 


Letting, 


^dk)  = 

b  CO  -  zjV 


we  obtain: 


•=  bd*<')  e 


-^^k.)  (>  CLcn&<^ 


Substituting  (l4)  into  (4): 

^  . -L_  ((  [y  Os) 

^f7:^  vTF  A(?-  d  d  Ltro  j  'C^ 

Let  ,  cos  45  =  -  cos  Y  ,  and  __  _ 

p  ■  f  tJ  if 

J  7^0^  'HT  AE.  o  (^o  k-i-o 

The  solutions  for  the  integrals  within  the  brackets  are  identical,  and 
given  in  Reference  11  ,  p  14-5,  equation  (I56): 


Hence: 


AJ~  _  2.  nTTu  C 

?.  &’■  o 


bCl*^ 
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where. 


L-tw?]  -  Z 


7. 


Substitute  and 


/Y\e  o 


(/v\'.)'^ 


E  =  -rr  ^ 

A 

£>  =  2-n 

A 


-  Ztt  (^TT  JT,„'*’  ^  -y  \ 

A”  T  ^ 


and  obtain: 

Jr 

\r?r^ 

where  -  B  Is 


^  [l:  b] ^  [eCu^ 

k»o  -viio  mIC/V\  +  \^  I 


'Ziv\ 


Cn) 


at  crest  and  +  B  is  at  trough: 

Equation  (17)  was  programmed  on  an  IBM  70^  computer  and  the  results 
are  shown  In  Figure  I5  and  Figure  I6  for  the  non-dimens ionali zed  mean 
orbital  velocities  at  crests  and  trough  of  trochoidal  waves .  The  results 


are  plotted  for  ^  o  to  ^  ,  .05,  »  -O'Z  5  to 

A  . 


,  Soo  and  2. 

A 


to  ^  ^  ^  ^ 

A 

The  series  solution  for  the  mean  orbital  velocity  given  in  equation 
(17)  converges  very  rapidly.  In  expanding  the  series  solution,  terms  of 
the  type  B^  will  appear.  If  all  B^  E^  terms,  where  ^  ^  are 

neglected,  the  following  approximate  solution  is  obtained: 


ZL  1(6+  6'*'+  ±  ±  ^  0,^^-  17^  e>s) 


(  &  +  z  &' 
z 


liZ!  ) 

4 


( 

It  J 


Cie>) 


where  the  -  is  at  crest  and  the  +  is  at  trough. 


For  the  range  of  parameters  given  in  Figure  I5  and  Figure  I6,  the  approxi¬ 
mate  solution  (18)  is  in  excellent  agreement  with  the  exact  solution  (l7)* 

From  Figure  I5  and  Figure  16,  it  may  be  noted  that  as  2.  — »  o  the 

"A 

mean  orbital  velocity  rapidly  approaches  the  value  of  the  local  orbital 

velocity  at  the  centerline  of  the  propeller.  For  ^  .05  the  mean  orbital 

A 

velocity  is  approximately  equal  to  the  local  orbital  velocity  at  the  pro¬ 
peller  centerline . 
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PROPELLER  3643 


NUMBER  OF  BLADES 
EXP. AREA  RATIO.. 

MWR . . 

BTF(AT  0.3R) _ 

P/D  (AT  0.7R). .. 

DIAMETER . 

PITCH  (AT  0.7R). 

ROTATION . . 

TEST  n . . 

test  Va . 


6 

0.992 

0.324 

0.043 

1.033 

16.000  ins 
16.528  ins 
R.  H. 

15.2  rps 

6. I  -  22.9  fps 


TESTED  FOR .  BUSH  I  PS 

DESIGNED  BY .  TMB 

TMB  DRAWING  P-3643 


Figure  1  Drawing  and  Propeller  Dimensions 
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ure  Schematic  Drawing  of  Test  Setup 
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79.7  lbs.' 
98.5  lbs. . 


■263.3  in-lbs  —  -t  - 
235.2  in-lbs  — 


Wave  Length: 
40  ft. 

Wave  He i ght : 
1'2  in. 


Fi  gure  U  Sample  of  Osci  1  log  rap  h  Records  of  Propel  le  r 

Performance  in  Waves 
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Figure  6  Measured  Percentage  Changes  in  Propeller  Thrust,  Torque  and  RPM 
(Relative  to  Average  Values)  at  Crest  or  Trough  Plotted  against 
Average  Speed  Coefficient 


misath;  w^nuH  w 
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Faired  Curves  of  Percentage  Changes  in  Propeller  Thrust,  Torque  and  RPM 
(Relative  to  Average  Values)  at  Crest  or  Trough  Plotted  against  Average 
Speed  Coefficient  (J  ) 


THRUST  COEFFICIENT  (K»)  AND  TOROUE  COEFFICIENT  (10  K4) 


Figure  10  A  Sample  of  Propeller  Thrust  and  Torque  Coefficients 
for  Crest  and  Trough  of  a  Wave,  Plotted  against 
Speed  Coefficient  ( Jl) 
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THRUST  COEFFICIENT  (Kt)  AND  TORQUE  COEFFICIENT  (lOKO 


Sii 


Figure  II  A  Sample  of  Propeller  Thrust  and  Torque  Coefficients 
for  Crest  and  Trough  of  a  Wave,  Plotted  against 
Advance  Coefficient  (Ja) 
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Figure  12  Propeller  Thrust  ind  Torque  CoeFFIcIcnts  for  Crests  end 

Troughs  of  ill  Wives,  Plotted  igilnst  Advance  Coefficient  (J,j 


gure  13  Schematic  for  Propeller  in  a  Trochoidal  Wave 
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Figure  16  Mean  Orbital  Velocity  below  Trough 

of  Trochoidal  Wave. 


32 


Copies 

10 


INITIAL  DISTRIBUTION 


CHBUSHIPS 

3  Tech  Info  Br  (Code  355) 

1  Tech  Asst  (Code  106) 

1  Prelim  Des  (Code  420) 

2  Mach  Sci  &  Res  (Code  436) 

2  Pro,  Shaft,  &  Bearing  (Code  644) 

1  Laboratory  Management  (Code  320) 

2  CHONR 

1  Library  (Code  740 ) 

1  Fluid  Dynamics  Br  (Code  438) 

1  CDR,  USNOTS,  Pasadena  Annex 

1  DIR,  USNRL 

1  SUPT  USNAVPGSCOL 

10  ASTIA 

1  ADMIN,  Maritime  Adm 

1  OTS,  Dept  of  Commerce 

1  0  in  C,  PGSCOL,  Webb 

1  HD,  Dept  NAME,  MIT 

1  DIR,  ORL,  Penn  State 

1  HD,  Dept  of  NAME,  Univ  of  Mich 

1  DIR,  Inst  of  Engin  Res 

Univ  of  Calif,  Berkeley  4,  Calif 

1  DIR,  Davidson  Lab,  SIT,  Hoboken,  N.J. 

1  SNAME,  74  Trinity  Place,  N.Y.  6,  N.Y. 

ATTN:  Librarian 

1  George  G.  Sharp,  Inc.,  N.Y. 

1  Gibbs  &  Cox,  Inc.,  N.Y. 

1  Electric  Boat  Div,  General  Dynamics  Corp, 

Groton,  Conn 

1  Newport  News  Shipbuilding  &  Drydock  Co, 

Newport  News,  Va 

1  New  York  Shipbuilding  Corp,  Camden,  N.J. 

1  Central  Tech  Div,  Bethlehem  Steei,  Ship  Div, 

Quincy,  Mass 


53 


1 


Dr.  H.W.  Lerbs,  DIR,  Hamburgische  Shiffbau- 
Versuchsanstalt,  Bramfelder  Strasse  l6k, 

Hamburg,  Germany 

1  SUPT,  Ship  Div,  Natl  Phys  Lab,  Teddington 

Middlesex,  England 

1  Prof  L.C.  Burrill,  HD,  Dept  of  Naval  Architecture, 

Kings  College,  Kewcastle-upon-Tyne,  England  ^ 

1  DIR,  Nederlandsch  Scheepsbouwkundig  Proefstation, 

Wageningen,  The  Netherlands 

1  Dr.  Eng.  Tatsumi  Izubuchi,  Secretary,  Shipbuilding 

Research  Association  of  Japan,  Tokyo,  Japan 

1  HD,  Dept  of  Naval  Architecture,  University  of  Naples, 

Naples,  Italy 

1  Director  Prof.  Dr.  Ing.  Weinblum,  Institute  fur 

Schiffbau,  Lammersieth  90^  Hamburg,  Germany 


3^ 


•  5  ^  ES  O 

2  iS  2 

a»  •  <=> 

®  M  ^  ^  ®  o) 

S  ©  S  «  o  *r  S 

g-  •-  §•  u  t:  ©  2 

eu  £a-5s2;OcA> 


1  a 

•  o  ^ 

o  z  ^ 

F  -■  *< 

B,  -  j 

o  ^  in  ^ 
W  -  J3  ;2; 
0^2  = 
ft;  *3  « 

w  ©  J2 
3  c:'  •§. 
sa  «  « 

3  ^  6k 

•  c/3  .  “ 

5  S  ^  ” 

iJ  £9 

^  j  >»r: 

J”-?  w  ■» 

“b,>" 

COST¬ 
'S  W  „  ^ 

“  ^  5  r_ 

Tl  5  3  « 

"2  K  ^ 

*  Q  W  . 

^  r  fii  ^ 

^  fc  **  4J 

o  CE  2: 

T.W  O 
^5A-  «  i 

•c  2“  J  -I 

o  ^  W  ^ 
o  eu  a 


«  B  n 

%  ®  B  ©  ^ 

^  *a  O  tr  B 

OJ  c  ’C  ?  ®  S 

OS  fe  »  ®  ^ 

S'©  3  *  «  . 

B  Y  re©©® 

_  ®  tf  a  S  e  w= 

fc.  o  a  BP^  ' 

o  ©  e  -S  m  o  - 

=i  5  2  “  ■=  1  .£  ' 

I"  o  ^  g  I  “  -s 

"S  ”2  ^  S  g  ' 

"S  °  N  S  'o  fi  —  i 

3  2  !>  g-  g  I  5  ^ 

s-^-S  “s' 

‘f5'©®S^®©‘i 

1  g  a  “1-g-s  I 

*  •  «  5  "S  T,  -ri  < 

S  ^  ®  :h  s-^  J 

«.^  1“  i 

“  “  £  ®  B->“  *  ! 

®  i  ®  ®  ^  5  .2  ‘ 

2  ‘E  ®  “  5  •*-  "2  ^ 

g  ®  g.  #  2  o  .2  < 

Sx£-#.fina 

*o  “"-c  ^  S  —  ; 

*t:  ^  rfr  S  ©  5  I 

B-.S  ‘-S  ©  ^  “ 

©ES’^'^aj©* 

H3©>52f-ia 

®  ,2  2  c  £  • 

*©  C  #  .S  O  jc 


i  S  E3  O 

I  a  a  ^s:-Js 

i  "s  ^  o 

S"  ‘-  §•  o  "n  6  2 

C-*J  Cm©  0.0™ 

cu  ga-'^rssi^OcA? 
, H  ...... 

iH  <N  ^  S3  53  > 


I 

“:  iJ 

R* 

c  ^  e  = 
“  2  - 
M  «  2 

i'^f 
.8=  ^ 

f 

f3  3  ^  s 
^  nJ  ^  33 
t  s  ^  - 

=  ®  2  3 

^  W  e*  «£ 

o  r_>  ^  2 

“ 

T!5»  «“ 

■2  i  ^ 

^  f  Ci 
^  fct.  ^  © 

-2  K  ^  £ 

—  a  j  o 

^B,  DS  . 

w  “  H 
2x^0 

o  ^  W 

o  B.  a 


sph  JiJ 

I »  s  »| s  ® 

*  I  2  g|  ||^ 

'i  I  i  2  s’ o  I  I  3 

33  ©  fc.  ®  2.  .«  fc_  E 

■©^W«h.*c8_^®0®.-- 

0-«_15  ®  E  3  '•3 
g  o^  w  o  “*S  S*i:t: 

-og®©.5fc  3c® 

®  B©S'3©'SO 

f  ®'^J^>  i3"=3  I 

*®.eS  '0^^-bC©T3 

^33  S  ^  ^  ^  O  c  =  ® 

|1§S|||||3 
““£'5  D-'=  ®  a  S.£ 

ogu-=®o'Si£:2 

S  11 1  3  o  .1  g  8  I 

mill  ill  I 

;Bjr2®5^xj©}£s 
H®©>SSH>^P' 
®.2?eC  BoS 
*©C^.S©  rf:t>3 


e  -  e  « 

Om  ®  Qm  'if* 
©  tc 
.  H  .CO 


a  ^  ^ 

“O  S3*  ^  O 

H  o 
-  S 

cS  ©  » O 

u  X  a  2 

00^“ 
S  Z  O  cA 


1.  ®  1  s  s-  ^.0 

g-  >-  g-  u  X  a  2 

Ce®  ©  OX?-- 

CU  ^  c/> 

.  H  ,  ^  .  .  .  . 

i-j  04  —  t-  — 


2  ©  Q)  © 

S3  »  >  i 

'  a  »  £  =* 

j  5  j  ' 

y  c  S  o 

“  ®  -a  E  w  ’ 

=  O  e  a  -3 

=  .£  B  ©  o  . 
'  ®  toc.E  © 

D  ©  .£  "C  ^  . 
»305  — 

►»  a*  c  c  5 

!±  i  is' 

!i  ■©  5: 

D  S  h.  09  ©  ’ 

5  “:2-g^ 

s|  l-g® 

^  e©  g  X  'S  • 

^  *©  Q 

;  -B  ©  o  « ; 
D  ®  *5  >  © 

ii  o9  ^ 

^  ?  o  .5 

a  —  ^  to  : 

-■5-g  a-- 

ig£S£- 

3  ■;  *  s  ® 

5  S  ©  r.  £ 

;  09  >  £ 


-  “:  nJ 

> 


o  £  S 

*  C  3: 

•-  i*.  '“  © 

o  ft;  X 

T.CJ  -  O 
O  O.  32  . 

^  U3  -J 


09  B  CO 
»  ©  9  © 

"E  .2  © 

£  E  i  » 

S  8->  S 

>  "O  -.^ 

t  ^  ti  S 
.5  E  p  ' 

fc.  ’a  o.  o 

©  ©  c 

-3  ©  »-  ©  _ 
*©  -5  CO  w 
®-«k-  le  ® 

P  O  © 

^  W  B  .« 

■E'2-c  g 

U  g  ©  ©  . 

s2|.|- 

“I  g*- 

o  "2  £  g 

B  S  B  ..  . 

S  ^  ®  J ' 


°  E  i  f 
®  -c  -s  5 

I  g-8-* 

a'S 

“^•1  a  I 
^  I  3  ® 

'“  t  =  £ 

-o  c=  i* 


03  •  Of 

:  k  ^ 

#  © 
m  ©  © 

•5  g  ‘5 

S  J  o 

.M  P  CO  ' 
B  j§  © 

E  9  *33 

C  rn  -M 

O  ^  © 

B  ©  O  . 

6®. 5  "© 
fi  X  ^ 

©  5  X  ■ 

s  E  -5 , 

4  ®  -E 

B  C  , 
I-  c  ©  ’: 

©  X  X 
33  CO  ^  : 

1^1: 


Cuts  A 

©  O  «  • 

■S  5  * 

X  ^ 

S  o  .2 

®  ©  B 

'  B  ^  5  • 

CM.  B  C 

*S  a  ^ 

E  s 


^2  I  f  e  yfs- 

f  o  -sri  jL-;; 

SSf^mSgSc-JS. 
®»5.  ®®®"o 

g  2:|.|-g  9  f  I  ®  ST 
oo22L*»3§  ^-- 

■oAf'-S  •  Oto 

I  l®l  I  ?  5 

£•83!  S,-®  ?Hg 
S'  2.  S  K-'<  "  S'  =  ^  S 

'<oc»g»3'  cra®g 

SE,Bg.Slg8“?o 

»  _  0.0  e  2  n.  =7-*=  ^ 


a  S--  ®  2.  “■  g  I  -  ® 

5.SS'®'?S®f§° 


er  «  ™  “ 

3  a  CL.  3 

®  A  ®  ® 

^  s  f  s 


CT-  5  B- 

S- 

*  r  9  < 

S  S'  •■  o 

Z.§  2  2. 

®  X*  5  ^ 
a  £r.(jQ  *< 

(n  ®  ® 

B-  “  o  “ 

"*  5  *  ^  ^ 

^  <  I  O 

•a  5  * 

j  I  =  ® 

'2  o  -o 

2;  9  i  3 
9  I  grX 
=^6*^1 


^  g.  -n  J  2. 

Ss.|«  5- 

2^  Cl  y  ®  «fi 

®  S'  2  o  ^ 

•O  77  »  ®  2. 

9  3  g: 

o*  2  e.  2.  ® 

3  -o  »  ®  ^ 

1  I  “  -  s 
s  9  c.  “  < 

®  ^  ®  o  to 

^  ?  Z  ^  5' 

*“  ft  §  ®  ^ 

2"  «2 

£  1 1  =  a 

2  3-62® 


S5  3.g® 
“22.®^ 
3  ^  ®  SB 
JO  3*  »  e.  M 
^  to  B  ® 
••  TO 


I  I 
**8-<  ■£ 
5  e  I  I  «  I  3  ?  *  5  i 


«‘""-o.8“-*f.*i 

fs-s i  I 

VtiVV 
iU|  I  fe  j 

ilgfs.-®?- 
r  2. 8  2-'<  -  S'®  2 
®  0  —  2  *  S'^i* 

IlirEsUf 

■  e->--Qi  e.®  ^  S 

■  B?l-I 

|lfi  fill 

Uii  ml 

?£:;£  ills 


i  fc  S4 

8._*  £  - 

S  *  «  5 


'i-l 

J-Ml 

B  C.I5  *< 
TO  ®  « 

B  ■  o  = 

-  5'  -  • 

s  .  *•; 

-  jfi 

^9  13 

9  i  E-l 

fB^S 


B  -f-S 

b2|  • 

9  3 

S'5' 

•  J  f  S' 

3  9-1-5 

9  ^  S  3  f 

^  »  ft  J: 

5  -  c.  ®  •  ^ 

®  8  ?| 

•  B  9  ®  2. 


i  I  3  3^ 
S  f  *  2.  9 


2  3a 

9‘ll'S 


S'  «  g  S' 

S  M  3 
»  £|§' 
I'S'S.” 

pr'-s 

S  ® 

g  u 

9.§  I 

1  ^  S, 

O  a  ® 


r®  ^  i-  « 

I' ^9  1. 

■;  f  3‘  ^ 

09  ^  g  5 

g  a  5.  ® 

®  tfi  O  o* 

3  S  i  I 

®  ?•  3  “•  I 

■5  SI  g  ?  ! 


’  a  e  2,  B 

'<■5  s-l 


S'  ®  I 

®  ST  2- 

B  0  o 

■B  .3  2. 
|Sg- 
s  2  ® 


r  TO  3^  C 

,  S.  2.  ® 


^  2  i ' 

i£.  ®  a  ; 

9  i  I"; 

&  E  •^; 

e  5 


SgSS  g'SSS'St- 

B®e5  3^f?i2  S 

5  ?  a  3- 1 1 1  ®  *  §■  I 

-eggaS'l-Ing 

-S--®,  3  S' S3  2.^ 

■2  ®  ^ffB  §  e  B  *  ^  » 

&.  ?  "  S  »  i- 3  5^  ?  s 

g  2,9.  ®^  f  3-1  ®  ^ 
oo°?,Sig“-Bc. 

sls'-Ssg^iiJs. 

Xssig.l^s's'rfS 

®  2.  g  £■•<  -  5-  g  o-  I 

s  s  e  ®  S-® 

s  g.o-39 

ST"®  ®  ^Bto  3" 

2.  S  S  ®  B  2.  p  <  -  S' 

fdnvmt 

fjn  sr  ■•  ®®.  ^3®^®. 

c  O  p-*  to  &  ®  ®  ®  o 

S'*""'  fl-o-Bi 

3aa.3 

®2®®  r9<S^®S* 

'^®rptt  &p>>S  ® 

^g|S  S^s^Sg” 

2o5® 

“sSl  |®'si’s 

S’r^P  So  5- S'® 

''^B  _  C— 

<^o*^  3®aB« 

»  <  ^  o 

<2.B5*  fttfS*-,,® 

®r»_V 


3  a  O.  3 
®  ®  ®  ® 
'S  s  ?  " 
s  o  i.  0 

®  3-  g  S 

s  B  “-E 
-  3°  s 
If  3  ° 

®  "■•  S  r» 
3  C-TO  '< 
TO  ®  ®  p®- 

p  »  o  a 

8  ^  <  a 

B  m  m  *< 

^  s  <  o 

•?  5  2  ® 
•g  ®  a' 
I3  I  3 

9  I  ll 

a-  r  r- 


*  «  =r  a*  ® 
2.£Zb3' 

"  n  g  o  * 

•o  =r  P  -o  P 

39-3^ 

iaii° 

9  S-  S  ®  5 

OJ  ft  ^  _ 
S'  c.  ®  ^  ^ 
ft  Q  Sr  3 
^  ft  o  ®  ■o 
B  c  ®  ®  2- 

J  3  3  =  ;r 

to  ®  ft  5  1 


*  Bi  »««•  aip  ,0  B#n>ao|»*  I»1!HJO  bbbbi  BBiniiaiBo  X, 


